Three vitellogenin genes from the free-living nematode Cuenorhabditis elegans have previously been characterized at the molecular level. In order to study evolutionary relationships within this poorly understood taxon, we have cloned a vitellogenin gene, CEWl-vit-6, from a distantly related species belonging to the same family as C. elegans.
Introduction
Animal eggs are closed systems that must contain all the macromolecules and cell structures necessary for the beginning and maintenance of animal development. The major protein constituents of the eggs are yolk proteins or vitellins. The vitellins originate as a precursor glyco-lipoprotein complex, called vitellogenin, made outside the ovary and transported to the growing oocyte, where it is taken up selectively and deposited in the yolk granules.
In most animals a small gene family codes for the vitellogenins.
Some of those genes, or their corresponding mRNAs, have already been isolated and sequenced in nematodes (Spieth et al. 1991) , insects (Trewitt et al. 1992; Chen, Cho, and Raikhel 1994; Yano et al. 1994) , jawless fishes (Sharrock et al. 1992) , bone fishes (LaFleur et al. 1995) , amphibians , and birds (van het , and all appear to have originated from a common ancestor. Only Drosophila melanogaster and other Cyclorrhaphan Diptera seem to have vitellogenins originating from a different ancestral protein which is related to lipases (Bownes 1992) . The main function of the vitellogenin protein moiety has been proposed as simply storage of amino acids to be used at some point during early development (Byrne, Gruber, and Ab 1989) . If so, the sequences of different vitellogenins would be expected to be highly divergent, and they are. Nevertheless, the sequence of Caenorhabditis elegans vitellogenin can still be aligned to vertebrate-related proteins Nardelli et al. 1987) , even though these phyla diverged more than 1,200 MYA . Thus, evolutionary constraints acting on the vitellogenin molecule must also be reflected in its primary structure. To further investigate vitellogenin evolution, we report here the cloning of a nematode vitellogenin from a distantly related free-living Rhabditid nematode belonging to the same family as Caenorhabditis elegans.
Free-living nematodes, especially C. elegans, have been thoroughly explored as models for basic biological studies (Wood 1988 ) and can also be used to understand the adaptation of parasitic nematodes to their hosts (Politz and Philipp 1992; Roussel et al. 1995) . The phylogenetic relationships among nematodes must be established in order to estimate how relevant studies of C. elegans are to parasitic species. Recently, molecular analysis of globin and myoglobin genes from parasitic and free-living nematodes has been done with the aim of establishing phylogenetic relationships among all nematodes (Blaxter 1993; Blaxter et al. 1994; Vanfleteren et al. 1994) . Because the vitellogenins are comparatively fast-evolving, they can be particularly useful for establishing phylogenetic relationships among relatively closely related species. Furthermore, because some regions are conserved even among distantly related animals, comparison of vitellogenin genes can also be useful for understanding distant relationships. In addition, studies of 5' flanking DNA from different nematodes can help define elements that control expression of those proteins (e.g., Zucker-Aprison and Blumenthal 1989) .
We characterize in this paper the first gene isolated from a recently identified free-living Rhabditid species. This species has already been used in other studies (see Winter 1992) under the designation of Dolichorhabditis sp. Due to the present dynamic state of the Rhabditid taxonomy, in this paper we will designate this species by its isolate number (CEWl).
The genera Oscheius (Andrassy 1976) and Dolichorhabidits (Andrassy 1983) , the two most closely related genera to CEW 1, are equiv-alent to Rhabditis (Oscheius) according to Sudhaus (1994) . The particular organism we study here is most closely related to Rhabditis (Oscheius) tipulae Sudhaus 1993, a member of the Dolichura group. This group is equivalent to the genus Dolichorhabditis Andrassy, 1983 (Carta, personal communication) .
Those genera are currently under review by Carta et al. (in preparation) .
Although superficially similar at the morphological level, C. elegans and CEW 1 differ by 48/241 bp of 28s rRNA. These species belong to highly divergent taxonomic groupings comparable to different vertebrate orders (Thomas, personal communication) .
The vitellogenin gene we study here has been termed CEWl -vit-6. The comparison of CEWl-vit-6 with its homologue in C. elegans shows that although the proteins they encode are similar in primary structure, the codon usage for some amino acids is very different, as are the intron positions. Using an alignment of all known vitellogenin sequences we show here that, although very similar, these proteins should be considered paralogous rather than orthologous molecules.
Materials and Methods
C. elegans, strain N2 (Brenner 1974) , and the recently identified nematode CEWl (deposited at the Caenorhabditis Genetic Center, CGC) were maintained on E. coli NA22 lawns, as described by Winter (1992) . Classical procedures were done as described in Sambrook, Fritsch, and Maniatis (1989) and Ausubel (1994) .
Genomic Library Construction
A Sau3AI partially digested CEWl DNA preparation was fractionated in a sucrose gradient as described by Sambrook, Fritsch, and Maniatis (1989) . Fractions containing fragments ranging from 15 to 20 kb were pooled and the DNA was precipitated.
The random fragments obtained were ligated to XEMBL2 DNA (Karn, Brenner, and Barnett 1983) previously digested with EcoRI and BamHI. The resulting ligation mixture was packaged with Stratagene Gigapack Gold, as described by Stratagene.
The resulting library was titrated on E. coli P2392 giving a titer of 1.5 X lo6 pfu/mg DNA. Assuming the CEWl genome to be around 100 Mb (CEW 1 and C. elegans have the same number of chromosomes; unpublished data), our original library should contain 69 genome equivalents.
Before screenings the original library was amplified in P2392 (final titer = 6 X lo9 pfu/mL) and stored at 4°C in glass vials. The library screenings were made so that the total number of plaques corresponded to approximately 9 CEWl genomes (assuming a mean insertion Library Screening The library screenings for vit genes were made using a cDNA probe made from poly(A+)RNA extracted from a mixed culture of CEWl. The cDNA was made using oligo(dT)12_18 as a primer and 32P-cxdATP as the labeled precursor (Sambrook, Fritsch, and Maniatis 1989) . The more intense hybridizing plaques were isolated as described above. From the twelve clones isolated, three corresponded to the CEWl-vit-6 gene: X-EMBH3-1, XEMBHl-1, and hEMBG3-1. Only clones XEMBH3-1 and AEMBHl-1 were used in this work.
Subcloning of CEWI-vit-6 Gene Fragments and Sequencing Strategy DNA fragments from the recombinant phages were subcloned in pTZl9U (Mead, Szczesna-Skorupa, and Kemper 1986) and sequenced by the dideoxy method (Sanger, Nicklen, and Coulson 1977) using 35S-dATP or 35S-dCTP and the modified T4 DNA polymerase (Sequenase, USB) according to the protocols given by the manufacturer. The sequence of CEWl-vit-6 is deposited at GenBank under the accession number U35449.
The subclones were first sequenced from both ends using the plasmid primers (universal and reverse). Using these sequences new primers were designed and used to close the gaps. The sequencing gels were read by hand or using DNAsis@ programs (Hitachi) attached to a digitizer table. Not all the regions were read on both strands. Sequences that were read in only one strand came from unambiguous regions of the sequencing gels. The few ambiguous sequences due to G-C compressions were confirmed on both strands. This resolved all GC compressions found without the need to use other methods.
Primer Extension
To determine the transcription start site of CEWlvit-6 we have done primer extension experiments using total CEWl RNA preparations and Oligo 28 (see legend to fig. 2 ) as a primer. We followed the protocol proposed by Triezenberg (1992) with some minor modifications.
Reverse Transcriptase and PCR Analysis
For intron detection, RT-PCR was performed according to Zorio et al. (1994) with total RNA and primers flanking the four CEWI -vit-6 introns: pCRlX4, pXho0.34, pXho 0.87, pXho 0.62, and pEco3.2) . The numbered arrows correspond to the regions sequenced with the following oligonucleotides:
and 27 (GGAGACGGGAA-CCTCGTTCAT).
The arrows named car n correspond to sequences obtained using oligonucleotides complementary to plasmid sequences.
by, and Fuchs 1992) with PAM 250 or CLUSTAL W (Thompson, Higgins, and Gibson 1994) with the BLOS-UM substitution matrices (Henikoff and Henikoff 1992) . The final adjustments were made by hand using the previous alignment published by Spieth et al. (1991) as a guide. The phylogenetic trees were generated with the PROTPARS of the PHYLIP package, version 3.5~ (Felsenstein 1993), using simple parsimony methods or the Fitch and Margoliash (1967) algorithm. The bootstrapping on the parsimony methods was made using the program SEQBOOT from the PHYLIP3.5c package on 100 random generated trees. The most likely tree was obtained from the file generated using the program CON-SENSE also from the PHYLIP3.5c package. Parsimony analysis was also done using PAUP (Phylogenetic Analysis Using Parsimony) program, version 3.1.1 (Swofford 1993) .
The amino acid sequences were obtained from the sequenced genes or mRNAs through Entrez Application version 2.001 (National Center for Biotechnology
Information). The access numbers of these sequences are: Spieth et al. 1991); X5621 3 (Ce-vit-6; Spieth et al. 1991) .
Results and Discussion

Isolation and Characterization of a Vitellogenin Gene
Attempts made to isolate vitellogenin genes from CEWl using C. elegans probes were unfruitful (results not shown). Thus, contrary to expectations, the vitellogenin genes from the two species were too disparate for cloning by heterologous hybridization.
To obtain candidate vit gene clones, we took advantage of the previous observation that vitellogenin mRNA is often the most abundant mRNA in the organism. Thus, a probe made to total mRNA will hybridize most intensely to vitellogenin gene clones. When a CEWl genomic library was screened with a cDNA probe from total poly(A+)RNA, many clones hybridized, and 12 of the clones which showed the most intense signals were plaque-purified.
Three out of the 12 clones selected came from the same gene (results not shown). When a fragment from one of them (hEMBH3-1) was used to probe a Northern blot containing total RNA from C. elegans and CEW 1, a band of around 5 kb was observed in the CEWl lane only (data not shown). Both the size of this RNA and the fact that the probe failed to hybridize to C. elegans RNA are consistent with a gene coding for a vitellogenin.
Genome Structure
Fragments from two of the clones (hEMBHl-1 and XEMBH3-1) containing the CEWI-vit-6 gene were subcloned and sequenced. Figure 1 shows the restriction map, along with the subcloning and sequencing strategy. The 5' end of the mRNA was determined by primer extension (data not shown) as described in Materials and Methods and in the legend of figure 2. The positions of the introns in the gene were initially deduced from the A+T composition
Cell GAATGCATGC CGGGUAA GA GCTAGTGAAA ATG?.WAGcA AAGATAGAGG -3 4 3
CEWl . All sequences were aligned from the TATA box region and were numbered from the start of transcription. The first ATG, the VPEs, the first transcribed nucleotide, and the TATA box are shown inside square boxes. The start of transcription was determined by primer extension using a primer (oligo 28 = AACCCGAAGAGGGCT-AGAAGG) complementary to positions 34-48 of the CEW l-VIT-6 mRNA. VPEl (TGTCAAT) and VPE2 (CTGATAA) elements are shown as square boxes over the sequences.
(nematode introns are A+T rich in comparison with position +20 to the stop codon at position +5 159. surrounding exons). The probable intron boundaries After removal of the four introns, the open reading were located by the presence of consensus sequences frame is 4983 bp long. Thus, the mRNA is predicted (Csank, Taylor, and Martindale 1990) and by comparto be approximately 5 kb plus the poly(A) tail, which ison of the amino acid sequence to that of is approximately the size of the mRNA detected in The intron positions were subsequently confirmed by Northern blots of CEWl total RNA probed with RT-PCR showing that the predicted introns are miss-CEWZ-vit-6 probes (data not shown). This mRNA ening from the mature transcript (results not shown). codes a conceptual protein of 192 kDa (1,660 amino Four introns were found in CEWI-vit-6.
Placement of acids). CEWl-VIT-6 is the precursor to VT2 and VT3 introns at these four positions allows translation of the vitellins (Winter 1992 ; unpublished data), just as Ceremainder of the genomic sequence from the AUG at VIT-6 is the precursor to YP33 and YP115.
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CEWl -V6 018 Ce-VIT-6 831 Ce-VIT-2 aaa Ce-vit-6 (Ce-VIT-6), and Ce-vit-2 (Ce-VIT-2). In the figure CEWl -V6 corresponds to CEWl -VIT-6. The alignment was done by CLUSTAL V, using PAM 250 as described in Materials and Methods. Matching positions are shadowed, cysteine residues (conserved or not) are shown inside boxes, and intron positions are shown as vertical bars in the sequences and as asterisks (*) under the alignment. Each line in the alignment consists of 53 positions which are occupied by either amino acid residues or spaces inserted by the program (shown as dashes). When an intron interrupts a codon it is shown as as vertical bar which crosses the corresponding residue.
The Promoter Region
In the case of Caenorhabditis (elegans and briggsae) vitellogenin genes, comparison of the 5' flanking DNA revealed the presence of two sequence elements (called VPEl and VPE2 for Vitellogenin Promoter Element) present in multiple copies in each of the 11 promoter regions analyzed (Zucker-Aprison and Blumenthal 1989). Both VPEl and VPE2 have subsequently been shown to be required for expression of the vit-2 promoter in vivo (Spieth et al. 1988; MacMorris et al. 1992 MacMorris et al. , 1994 . In order to determine how evolutionarily widespread these transcriptional activator binding sites might be, we analyzed the DNA flanking the CEWZ-vit-6 gene for the presence of six out of seven matches to the VPEl and VPE2 consensus sequences. The alignment of 5' noncoding regions of several nematode vitellogenin genes is shown in figure 2 . There are five VPEl elements, including two which match the consen- -vit-6, there are some imperfect matches to VPE2. These VPEs do not precisely match the positions (relative to the TATA box, which begins with a C instead of a T in of those found in the C. elegans promoters. However, like in C. elegans, the VPEs do cluster approximately 150 bp upstream of the transcription start site. Functional analysis will have to be performed to determine the role of the VPEs in the expression of as has been reported for the C. elegans vitellogenin genes (Spieth et al. 1988; MacMorris et al. 1992 MacMorris et al. , 1994 .
Intron Analysis
The introns found in are unusually short, even for nematodes.
They are also remarkably uniform in length, ranging from 38 to 41 nt. This is shorter than the typical short C. elegans intron, which is about 50 nt long. The splice sites for the four introns of CEWl also are different from the consensus determined for C. elegans introns (table 1). In particular, they are less closely matched to a consensus sequence than are C. elegans introns. The latter are characterized by a strong TTTCAG/A or G at the 3' splice site, while the CEWI-vit-6 introns do not appear to have this extended consensus.
In the C. elegans vit gene family the four vit-6 introns occur in different positions from the four introns of the other genes. Furthermore, most of these intron positions are different from the 26 intron positions of the vertebrate vitellogenin genes. Strikingly, in the alignment shown in figure 3 , only intron 3 of CEWlvit-6 is found in the same position as one of the introns of Ce-vit-6. This same intron also matches the location of one of the introns in the chicken and Xenopus Zaevis vitellogenin genes Nardelli et al. 1987) .
Codon Usage Bias
Comparison of codon usage bias in CEWl-vit-6 and Ce-vit-6 is shown in table 2. There is a marked preference in for the use of G or C in the third position when compared to codons use G or C in the third position, whereas only 59% of Ce-vit-6 codons do. Hence the codon usage in the two genes can be surprisingly different (e.g., Pro and Gln codons). These differences in codon usage indicate that CEWl and C. elegans are not especially closely related species in spite of being morphologically very similar. Clearly, in the Rhabditida, as in other animals, evolution at the molecular level is not mirrored by that of the overall body morphology (Dick- NOTE.-C. elegans values are according to Spieth et al. (1991) . Values are given in % of each codon for that aminoacid. Prominent differences in codon usage between Ce-vit-6 and CEWI-vit-6 are shown in bold.
inson 1995). This conclusion is supported by the fact that the codon usage table of C. elegans vitellogenin genes is almost the same as the table obtained from a broader sample of sequenced genes from the same species (Stenico, Lloyd, and Sharp 1994) . Thus the differences between codon usage frequencies presumably reflect global changes within each organism.
Comparison of Vitellogenin Sequences
When CEWl-VIT-6 sequence was aligned with the vitellogenins from other animals common features could be observed. CEW I-VIT-6 has several regions of high similarity with the other described vitellogenins (e.g., ANAGID in the N-terminal half and CGLCG in the Cterminal half). ANAGID was previously pointed out by Spieth et al. (1991) . CGLCG includes a pair of cysteines that occurs in other proteins that are related to the vitellogenins (von Willebrand factor and apolipoprotein b [Baker 1988a [Baker , 1988b ). This same motif occurs in E. coli thioredoxin (protein disulfide isomerase) and in oth- er proteins (Boniface and Reichert 1990; see Banaszak, Sharrock, and Timmins 1991) . The consensus sequence for the thioredoxin active site is CGXC and it is exactly repeated near the C-termini of all sequenced vitellogenins. We also note some CXXC motifs that are conserved in the vertebrate and nematode vitellogenins (table 3) . The insect vitellogenins do not show any CXXC motif in their sequence (data not shown). The function of these conserved cysteine pairs in nematodes and vertebrates is at present unknown.
The C-terminal-most CGLCG motif could be part of the receptor recognition site of the vitellogenin, as has been suggested by Sharrock et al. (1992) and Wallace, Hoch, and Carnevali (1990) , although there is also evidence for the receptor-binding sequence in the N-terminal part of the vetebrate protein Unrooted parsimony and distance trees constructed from the aligned vitellogenin sequences of different animals. The vitellogenin sequences were aligned using CLUSTAL W and the BLOSUM series of alignment matrices (see Materials and Methods). The aligned sequences were used to generate the unrooted parsimony tree shown above at left using the default parameters of the PHYLIP3Sc program (PROTPARS), with bootstrapping. This is the most common tree of 100 trees generated by the parsimony method. The tree is drawn with branches proportional to the calculated distances. Using the same alignment we have calculated a distance tree using the Fitch-Margoliash algorithm of the PHYLIP3Sc package. This distance tree is shown at right. For the 199 examined trees, the sum of squares (E = C,C,(Obs -Exp)2/0bs2) is 0.20466 and the average percent standard deviation is 4.353 17. (B) Rooted parsimony tree obtained from aligned vertebrate and nematode vitellogenins. The vitellogenins were first aligned with CLUSTAL V and PAM250. Using some of the vertebrate vitellogenin sequences as outgroup, rooted trees were generated using PAUP This procedure was followed for the N-terminal region (positions 1 to 1049 of CEWI-VIT-6) or the C-terminal region (positions 1001 to the end of CEWl-VIT-6) of the nematode vitellogenins.
The region containing the phosvitin in the vertebrate vitellogenins is not included in the C-terminal analysis (position 1100 to 1205 of CEW I-VIT-6, in the original alignment). The italicized values over the branches show the percentage of trees showing this branch after bootstrapping, and the values under the branches represent the absolute distance of those lines (which are not drawn proportional to these figures). In this analysis the insect vitellogenins were not included, because they insert a great number of gaps in the C-terminal region. The original alignments can be obtained at ftp://www.icb2.usp.br/pub/align/. (Stifani, Nimpf, and Schneider 1990; Banaszak, Sharrock, and Timmins 1991) .
When three of the nematode vitellogenins are aligned some common structural characteristics can be observed ( fig. 3) . During evolution indels must have occurred in the genes that code for those proteins both before and after the split of the ancestors of C. elegans and CEW 1. The insertions found at positions 17-24 in Ce-VIT-6 and at positions 61-69 in CEW 1 -VIT-6 probably occurred after the separation of the species. On the other hand, the indel at positions 88 1-886 of CEWl-VIT-6 and 894-899 of Ce-VIT-6 must have occurred before the species separated, but after Ce-VIT-6 and Ce-VIT-2 diverged one from the other.
We have also analyzed the relationships between these three vitellogenin proteins by measuring the number of instances in each three-way comparison where only one of the three failed to match the other two. Thus the data reflect changes that occurred in one sequence, but not in the other two. Figure 4 presents the data as a function of distance from the N-terminus. In this figure each point represents the sum of nonmatching positions in a Made by PAUP parsimony.
h The distances between CEW l-VIT-6, Ce-VIT-6, and Ce-VIT-2 at the N-terminal and C-terminal domains are in bold.
line of 53 places (amino acid residues or spaces) shown in the alignment of figure 3 , in which each line shows part of the sequence of a different nematode vitellogenin. The values obtained are called the Non-Matching Positions Index (NMP Index). A group of three of these lines is called a block. This analysis suggests that there may be two regions in the nematode vitellogenins that have evolved quite differently from one another: one that goes from block 1 to block 18 and the other that goes from this block to the end of the alignment.
The Nterminal region is defined by consistently high NMP Index values for VIT-2 and low ones for VIT-6. The Cterminal region is characterized by a drop in the NMP Index values for VIT-2, which now can no longer be distinguished from those obtained for VIT-6. The transition occurs in a region of the vitellogenins which also shows a transition in the amount of alpha helix content (not shown) as predicted by EMBL Predict Protein Service (Rost and Sander 1993, 1994) , indicating the presence of two domains in CEW l-VIT-6 in terms of alpha helix content. This decline in similarity also occurs very close to the location of phosvitin in vertebrate vitellogenin. We hypothesize that this transition point represents an unstructured hinge region, not crucial for vitellogenin function and thus tolerating the insertion of the phosvitin moiety there during evolution.
Phylogenetic
Analysis Using the Aligned Sequences
The vitellogenin alignment was used to construct rooted and unrooted trees as described in Materials and Methods. The most likely unrooted tree generated by the parsimony method (after bootstrapping) is shown in figure 5A. This same topology was also generated by the Fitch and Margoliash (1967) algorithm (fig. 5A ). This analysis of the vitellogenins shows that the closest relative of CEW I-VIT-6 is Ce-VIT-6. These data also support the earlier observation of Trewitt et al. (1992) that the vitellogenins of nematodes are more closely related to the vertebrate vitellogenins than they are to the insect vitellogenins.
A similar relationship was observed when globin amino acid sequences were used to draw a tree that included nematodes, insects, and vertebrates (Blaxter 1993) . Although both sets of data are consistent, the vitellogenins could be paralogous and not orthologous, because of independent gene duplication events which occurred during the evolution of the different animals so far studied (Morris and Cobabe 1991) . This conclusion is supported by the fact that 18s rRNA sequence comparison showed that nematodes are more closely related to insects than to vertebrates (Raff, Marshall, and Turbeville 1994) . We can speculate that the similarity between nematode and vertebrate vitellogenin amino acid sequences is related to the lipids associated with them. The lipid compositions of the nematode and vertebrate vitellogenins are very similar (see Banaszak, Sharrock, and Timmins 1991) but different from the insect vitellogenins which contain less lipid (Hagedorn and Kunkel 1979; Mundall and Law 1979; Izume and Tomino 1980) . Furthermore, the nematode and vertebrate vitellogenins have triacylglycerol as the main neutral lipid (Banaszak, Sharrock, and Timmins 1991) , whereas insect vitellogenins (like other insect lipoproteins; see Soulages and Wells 1994) have diacylglycerol as the main neutral lipid (Kunkel and Nordin 1985) .
When separate analyses were done with the two domains defined previously, trees rooted in the vertebrates were generated that were topologically very similar ( fig. 5B ). But the bootstrap values obtained for the CEW l-VIT-6 and Ce-VIT-6 relationship dropped from 100% in the N-terminal domain to 50% in the C-terminal domain. A distance analysis showed that CEW l-VIT-6 is more closely related to Ce-VIT-6 in the Nterminal domain than it is in the C-terminal domain (table 4). On the other hand, the distances in both domains between CEW 1 -VIT-6 and Ce-VIT-2 are approximately the same. These results, taken together, suggest that the two domains defined for the nematode, and possibly also for the vertebrate vitellogenins, are evolving at different rates, with the C-terminal domain being less conserved than the N-terminal domain.
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